In the case of an elastically mounted rectangular prism with a side ratio of less than D/H = 0.5 (where D: depth of a bluff body in the flow direction, H: height of a bluff body normal to the flow direction), it is well known that low-speed galloping appears at a lower reduced velocity than the resonant reduced velocity. In order to investigate the effects of the geometric shape of the bluff body's cross section on the flow-induced transverse vibration, we performed free-vibration tests of cantilevered prisms with two kinds of cross sections, i.e., rectangular and D-section prisms. The effects of the side ratio D/H and the turbulence intensity of the free stream on the flow-induced vibration were also investigated. The response amplitude of the transverse vibration increases with a decrease in the side ratio. The response amplitude of a D-section prism with D/H = 0.23 vibrates at a lower reduced velocity than a rectangular prism with D/H = 0.2, and the increment rate of the response amplitude for a D-section prism with D/H = 0.23 is higher than that of the other prisms. It is found that the freevibration characteristics of rectangular and D-section prisms are influenced by the high turbulence of the free stream. Kiwata, Yamaguchi, Kono and Ueno, Journal of Fluid Science and Technology, Vol.9, No.3 (2014) © et al., 2012), wave energy power generation using a piezoelectric element (Tanaka, et al., 2012) , power generation by mechanical vibration due to the fluid-structure interaction between a flexible belt and the airflow (Fei, et al., 2012) , and a wind energy harvester with a T-shaped piezoelectric bimorph cantilever (Kwon,et al., 2011) . However, these devices have not been able to provide sufficient electric energy. Practical applications require a mechanism that will generate vibration in the presence of a low-velocity flow.
Introduction
A good deal of attention has recently been given to energy harvesting from ambient vibrations (Kluger, et al., 2013; Abiru and Yoshitake, 2012) . There are various types of vibration-powered generators that use changes in the electric capacity (as in the case of the electret (Triches, et al., 2012) ), the piezoelectric effect of materials such as ceramics (Gonzalez, et al., 2002) , electromagnetic induction using movable permanent magnets (Glynne-Jones, et al., 2004) , and the inverse magnetostrictive effect of a material such as iron-gallium alloy (Ueno and Yamada, 2010) . In addition, vibration-powered generators are remarkably small and only require a small force to generate a sufficient amount of electricity. In order to harvest energy from flowing water, e.g., small-sized rivers and an agricultural waterway, we need to develop a simple and efficient power generator using a structure that generates flow-induced vibration.
A number of studies have investigated the harvesting of power from various vibrations (Sodano, et al., 2007) . There are a number of different types of power generators that use flow-induced vibration, e.g., power generation of vortexinduced vibration using tandem circular cylinders having electrical coils with steel cores and a ferrite magnet (Uno and Kawashima, 2010) , hydroelectric power generation using an inverted pendulum formed by a cylindrical body (Hiejima, et al., 2012), wave energy power generation using a piezoelectric element (Tanaka, et al., 2012) , power generation by mechanical vibration due to the fluid-structure interaction between a flexible belt and the airflow (Fei, et al., 2012) , and a wind energy harvester with a T-shaped piezoelectric bimorph cantilever (Kwon,et al., 2011) . However, these devices have not been able to provide sufficient electric energy. Practical applications require a mechanism that will generate vibration in the presence of a low-velocity flow.
To develop the power generation system using iron-gallium alloy (Ueno and Yamada, 2010) , we focus on transverse galloping for a rectangular prism with a critical depth section of less than D/H ≈ 0.6 (where D: depth of the prism in the flow direction, H: height of the prism) and a D-section (semi-circle) prism, as shown in Fig. 1 , at a flow velocity lower than the resonant velocity (Naudascher and Rockwell, 2005; Tamura and Dias, 2003; Nakamura, et al., 1991) . The purpose of the present study is to investigate the most suitable cross section of a cantilevered prism for transverse galloping. Assuming that the practical generation of electricity by flow-induced vibration will occur in a small-sized river or an agricultural waterway, the effect of the turbulence intensity of the free stream on the flow-induced vibration is also investigated. Figure 2 shows a schematic diagram of the water tunnel facility. The experiments were performed in a water tunnel with an underground tank. A variable-frequency induction motor and an inverter (YASUKAWA ELECTRIC, VRISPEED-686SS5) were used to drive a double suction centrifugal pump (DMW, DF-SC). Figure 3 shows the details of the test section and the measurement instruments. The rectangular test section has a height of 400 mm, a width of 167 mm, and a length of 780 mm. In the experiment, the water velocity U was changed from 1.0 m/s to 2.5 m/s by controlling the pump's rotational speed. The Reynolds number Re (= UH/ν, where H: height of the prism, : kinematic viscosity of water) was in the range of 210 4 to 510 4 . The non-uniform level and the turbulence intensity in the working section without a turbulence grid at a water speed of U = 1.5 m/s were less than 1.5% and about 2.0%, respectively. The water temperature was constant during the experiment. Figure 4 shows two square-meshed grids, which were used to produce high-and low-turbulent flow fields in the test section. The square-meshed grid was installed at the entrance of the water tunnel test section, as shown in Fig. 3 . Figure 5 shows the variations of the turbulence intensity for the low-and highturbulence grids with flow velocity. The turbulence intensity TI (= u'rms/U) was almost at a constant value with respect to the flow velocity U. The turbulence intensities with high-and low-turbulence grids were about 8% and 19%, respectively.
Nomenclature

Experimental apparatus and method
Water tunnel
Test models and experimental method
The experiment used rectangular and D-section prisms constructed of stainless steel with a smooth surface and sharp edges, as shown in Fig. 6 . Table 1 shows the specifications of the test models. The rectangular and D-section prisms had a cross-section height H of 20 mm. The side ratio D/H (D: depth of the prism in the flow direction) of the rectangular prism was varied from 0.1 to 0.5. The side ratio D/H of the D-section prism was varied between 0.23, 0.32, and 0.5. The span length of both prisms L was 200 mm, and the aspect ratio was 10. As shown in Fig.7 , the prism was mounted elastically to a plate spring that is made of stainless steel attached to the ceiling wall of the test section. The prism was only vibrated transversely to the flow direction because the prism must have only one degree of freedom in order for galloping to occur (Naudascher and Rockwell, 2005) . The characteristic frequency fc of the prism was adjusted to a constant value between 16 and 43 Hz by using the plate springs of different thickness. The tip displacement of the prism y was measured using an acceleration sensor (SHOWA MEASURING INSTRUMENTS, 2302CW) implanted inside the tip of the prism and an integrator (RION UV-12 and UV-05). The characteristic frequency of the tested model fc was measured using an FFT analyzer (ONO SOKKI, CF-5201). The output signals of the integrator were converted using a 12-bit A/D converter with a sampling frequency of 2 kHz, and 10 4 data points were stored. The mean and root-meansquare values were obtained using a personal computer.
The flow velocity U was measured using a Pitot tube and a digital differential pressure gauge (NAGANO KEIKI, GC50). The turbulence intensity in the free stream was measured using a hot-film probe (KANOMAX, MODEL1201-60W) and a laser Doppler velocimeter (MEASUREMENT SCIENCE ENTERPRISE, 2DminiLDV). The reduced velocity Vr (= U/fcH) was varied from 1.2 to 6.2 by changing the water velocity U. In the present study, the characteristic frequency fc decreased with an increase in the flow velocity because the characteristic frequency fc relates to the structural damping of the prism in water (JSME, 1998), which depends on the displacement amplitude of the prism in water. The sreduced mass-damping parameter Cn (=2mδ/ρDH) was measured considering the initial displacement obtained by hitting the prism with a hammer. The values of the reduced mass-damping parameter were small at Cn = 0.43-1.37.
Experimental results and discussion
4.1 Free-vibration characteristics of cantilevered prisms in smooth flow 4.1.1 Rectangular prism Figure 8 shows the variation of the root-mean-square value of the prism amplitude ηrms with the reduced velocity for different side ratios of rectangular prisms (D/H = 0.1, 0.2, 0.3, 0.4, and 0.5) in the flow without the turbulence grid, i.e., smooth flow. In order to prevent breakage of the plate spring, the maximum value of the prism amplitude was limited to rms = 0.25. The rectangular prisms began to vibrate at a certain reduced velocity. In the case of the rectangular prism with D/H = 0.5, the vibration begins to occur near Vr = 3, and the prism amplitude rms increases linearly with an increase in the reduced velocity Vr. The reduced velocity at the initial vibration decreases as the side ratio of the rectangular prism decreases. In the case of a rectangular prism with D/H = 0.1, the vibration occurs at a lower reduced velocity than the other rectangular prisms (Vr  1.2), and this prism has the largest increment rate of the non-dimensional response Stn (= fnH/U), where fn is the vortex-shedding frequency measured for a stationary prism. According to previous studies (Nakaguchi, et al., 1968; Okajima, et al., 1998) , the reduced resonance velocities for rectangular prisms with side ratios of D/H = 0.5, 0.4, 0.3, 0.2, and 0.1 are Vrcr  8.0, 7.8, 7.5, 7.3, and 7.1, respectively. Therefore, the cantilevered rectangular prisms with side ratios of less than 0.5 exhibit low-speed galloping at a reduced velocity that is lower than the resonant reduced velocity (Naudascher and Rockwell, 2005; Tamura and Dias, 2003; Nakamura, et al., 1991) . Figures 9 and 10 show the time histories of the tip displacement for a rectangular prism with D/H = 0.2 and 0.5, respectively. In the case of a rectangular prism with D/H = 0.2, the vibration has a uniform amplitude for each reduced velocity. On the other hand, in the case of a rectangular prism with D/H = 0.5, the amplitude of the vibration is not stable. This phenomenon is causally related to that the stationary rectangular prism with D/H = 0.5 appears intermittently for two different flow patterns, i.e., the cases of high pressure and low pressure (Okajima, et al., 1998; Ohya, 1994) . Figure  11 shows the variation in the non-dimensional standard deviation of the peak displacement for a rectangular prism prms/rms with respect to the reduced velocity. Here, prms is the root-mean-square of the value of subtracting pave from the absolute value of the peak displacement pi for the waveform, and pave is the time average of |pi| as shown in Fig.12 . These values are given by the following equations:
where N is the number of waveform peaks. The non-dimensional standard deviations of the peak displacements prms/rms for the rectangular prisms with D/H = 0.5 and 0.4 are larger than those for the other rectangular prisms. The vibrations of the rectangular prisms with D/H = 0.1, 0.2, and 0.3 were found to be stable. (Feng, 1968) . Therefore, the cantilevered D-section prisms also exhibit transverse galloping at a reduced velocity that is lower than the resonant reduced velocity Vrcr. Figure 16 shows the variation of the non-dimensional standard deviation of peak displacement for a rectangular prism prms/rms with respect to the reduced velocity. The non-dimensional standard deviations of the peak displacements for the D-section prisms are less than 0.18, and it reveals that the vibration of the D-section prisms has a fixed amplitude in smooth flow. velocity of the vibration onset becomes larger than that for low turbulence intensity. However, the increment rate of the non-dimensional response amplitude ηrms after the vibration onset is almost the same value as that for smooth flow. In the case of the rectangular prism with D/H = 0.5, for high turbulence intensity, the vibration is prevented more than for low turbulence intensity, and the non-dimensional response amplitude ηrms is less than 0.06 at Vr = 6.2. The response amplitude for low turbulence intensity is almost the same as that for smooth flow. Fig. 10(b) . Figure 20 shows the variation in the non-dimensional standard deviation of the peak displacement for a rectangular prism prms/rms with respect to the reduced velocity. In high-turbulence flow, the non-dimensional standard deviations of the peak displacements for the rectangular prisms with D/H = 0.2 are smaller than those with D/H = 0.5. Assuming that the practical generation of electricity will take place in a small-sized river or an agricultural waterway, it is necessary to consider the effects of the turbulence intensity on flow-induced vibration. Hence, the rectangular prism with D/H = 0.2 and the Dsection prism with D/H = 0.23 are more suitable for vibration power generation than any other prisms because of the small effect of the turbulence intensity. It can be seen from these results that a D-section prism vibrates at a lower reduced velocity than a rectangular prism, and the increment rate of the response amplitude for the D-section prism is higher than that for a rectangular prism with the same side ratio. Therefore, it seems reasonable to conclude that a D-section prism has a more suitable shape for energy harvesting from transverse-galloping vibration because of the stable vibration from the lower reduced velocity and the large response amplitude in turbulent flow. 
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